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Description 

VOLTAGE DIVIDER FOR INTEGRATED 
CIRCUITS 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention relates to a voltage divider for an 

integrated circuit, and in particular to a voltage divider for 
an integrated circuit that does not include the use of re- 
sistors. 

[0003] BACKGROUND OF THE INVENTION 

[0004] Voltage dividers are often used in integrated circuits to 
supply a voltage different from that of an available power 
source. Typically, voltage dividers in integrated circuits 
are designed using resistors. The most commonly utilized 
type of resistor in voltage dividers formed on a semicon- 
ductor substrate is the P+ poly resistor formed from poly- 
silicon. 

[0005] The use of resistors in voltage dividers has known draw- 



backs. It is often difficult to form resistors with high re- 
sistance when using poly-silicon. Poly-silicon resistors 
often require a large surface area. As a result, typical re- 
sistance values are in the range of 200-300 K Ohms. In 
addition, when using poly-silicon, the manufacturing pro- 
cess must be altered or require additional processing or 
masking steps to change the voltage values of the voltage 
divider. Further, poly-silicon resistors often have high tol- 
erances and high temperature coefficients. 
[0006] The use of transistors to divide voltage is also known in 
the art. However, prior art use of transistors typically re- 
quires the use of many transistors. In addition, prior art 
voltage division using transistors has typically failed to 
yield accurate and predictable results. 
Summary of Invention 

[0007] One aspect of the present invention is a voltage divider 
circuit coupled to a power source having a source voltage 
and a ground. The voltage divider circuit includes the fol- 
lowing: a first transistor including a gate electrode having 
an area, a source, and a drain; and a second transistor in- 
cluding a gate electrode having an area, a source, and a 
drain, wherein the second transistor gate electrode is 
joined with the first transistor source and the first transis- 



tor drain. The first transistor gate electrode area and tlie 
second transistor gate electrode area differ by a margin 
greater than a typical manufacturing tolerance for transis- 
tor gate electrode areas. 

[0008] Another aspect of the present invention is a voltage di- 
vider circuit coupled to a power source having a source 
voltage and a ground. The voltage divider circuit includes 
the following: a first transistor including a gate electrode 
having an area, a source, and a drain; and a second tran- 
sistor including a gate electrode having an area, a source, 
and a drain, wherein the second transistor gate electrode 
is joined with the first transistor source and the first tran- 
sistor drain. The first transistor gate electrode area and 
the second transistor gate electrode area differ by a mar- 
gin greater than a typical manufacturing tolerance for 
transistor gate electrode areas and the first and second 
transistor gate electrode areas are selected to provide a 
desired division of the source voltage.. 

[0009] Still another aspect of the present invention is a method 
of dividing a power source voltage including the following 
steps: providing a voltage divider circuit having a first 
transistor including a first transistor gate electrode having 
a first transistor gate electrode area and a second transis- 



tor including a second transistor gate electrode having a 
second transistor gate electrode area; applying the power 
source voltage to the voltage divider circuit; and dividing 
the power source voltage according to the ratio of the first 
transistor gate electrode area to the second transistor 
gate electrode area. 

[0010] Another aspect of the present invention is a voltage di- 
vider circuit coupled to a power source having a power 
source voltage and a ground. The voltage divider circuit 
includes the following: a plurality of transistors, each in- 
cluding a gate electrode having a gate electrode area, a 
source, and a drain. The source and drain of each of the 
plurality of transistors is joined with the gate electrode of 
another of the plurality of transistors and the gate elec- 
trode areas are equal. 

[001 1] Yet another aspect of the present invention is a method of 
designing a circuit for dividing voltage including the fol- 
lowing steps: providing a first transistor including a gate 
electrode having an area, a source, and a drain; providing 
a second transistor including a gate electrode having an 
area, a source, and a drain; selecting the first transistor 
gate electrode area and the second transistor gate elec- 
trode area according to a predetermined ratio between the 



areas to provide a desired voltage division; and Joining tlie 
second transistor gate electrode with the first transistor 
source and the first transistor drain. 
[0012] Other features, utilities and advantages of various embod- 
iments of the invention will be apparent from the follow- 
ing more particular description of embodiments of the in- 
vention as illustrated in the accompanying drawings. 
Brief Description of Drawings 

[0013] For the purpose of illustrating the invention, the drawings 
show a form of the invention that is presently preferred. 
However, it should be understood that the present inven- 
tion is not limited to the precise arrangements and instru- 
mentalities shown in the drawings, wherein: 

[0014] FIG. 1 is a circuit diagram including a voltage divider ac- 
cording to one embodiment of the present invention; 

[0015] FIG. 2 is a chart of gate currents versus gate voltages for a 
design example according to the circuit illustrated in FIG. 
1; 

[0016] FIG. 3 is a chart of the measured VI, V2, and AV values for 
a design example according to the circuit illustrated in 
FIG. 1; 

[0017] FIG. 4 is a chart of the linearity of AV versus VDD for a de- 
sign example according to the circuit illustrated in FIG. 1; 



[0018] FIGS. 5 is a chart of Log(l) versus Log(V) for a design ex- 
ample according to the circuit illustrated in FIG. 1; 

th 

[0019] FIG. 6 is a chart of Log(l) and Log(V) versus a 5 degree 
polynomial fit for a design example according to the cir- 
cuit illustrated in FIG. 1; 

[0020] FIG. 7 is a chart of VR=V1/V2 versus VDD for R=9 and for 
a design example according to the circuit illustrated in 
FIG. 1; 

[0021] FIG. 8 is a chart of the upper and lower limits of VDD to 
meet required tolerances on VR for a design example ac- 
cording to the circuit illustrated in FIG. 1; 

[0022] FIG. 9 is a chart of the percent tolerance on VR to meet 
required upper and lower limits of VDD for a design ex- 
ample according to the circuit illustrated in FIG. 1; 

[0023] FIG. 10 is a circuit diagram including a voltage divider ac- 
cording to one embodiment of the present invention 
where all transistor gate electrode areas are equal; and 

[0024] FIG. 11 is a chart of VR=V1/V2 versus VDD for R=9 and 
for a design example with two transistors having equal 
gate electrode areas arranged in series. 
Detailed Description 

[0025] The present invention is a voltage divider for integrated 

circuits that does not include the use of resistors. The fol- 



lowing provides a detailed description of drawings illus- 
trating various embodiments of the present invention. 
Like elements have like element numbers. 
[0026] Referring now to the drawings, FIG. 1 illustrates a diagram 
of a voltage divider circuit 10 according to one embodi- 
ment of the present invention. Voltage node VDD is con- 
nected with two n-type transistors, NFETl and NFET2, 
which are connected in series. NFETl includes a source 
12, a drain 14, a gate electrode 16 having a gate area Al 
(not shown), and a p-substrate 18. NFET2 includes a 
source 20, a drain 22, a gate electrode 24 having a gate 
area A2 (not shown), and a p-substrate 26. Source 12 and 
drain 14 of NFETl are coupled with gate electrode 24 of 
NFET2. Although the embodiments of the present inven- 
tion illustrate the use of NFETs, as one skilled in the art 
will appreciate, the present invention also includes the use 
of PFETs. 

[0027] The voltage difference between NFETl and NFET2 has a 
linear function with VDD. As a result, voltage VDD may be 
divided between NFETl and NFET2 by properly choosing 
the ratio between each of the respective transistor gate 
electrode areas, Al and A2. Although Al and A2 will differ 
slightly according to respective manufacturing tolerance. 



the present invention contemplates those instances where 
the margin between Al and A2 is greater than the manu- 
facturing tolerances according to a predetermined ratio. 
[0028] The following design equations establish the relationship 
between Al and A2. The equations may be used to design 
a voltage divider circuit according to the present inven- 
tion. The voltage across NFETl, i.e., Al, is represented by 
VI and the voltage across NFET2, i.e., A2, is represented 
by V2. The voltage difference between VI and V2 is repre- 
sented by AV and the ratio V1/V2 is represented by VR. As 
follows: 



V1+V2 = VDD (1) 

V1-V2 = AV (2) 

VI = (VDD + AV)/2 (3) 

V2 = (VDD - AV)/2 (4) 

V 1 /V2 = VR = (VDD + A V)/ (VDD - AV) (5) 

AV = VDD X (VR - 1)/(VR + 1) (6) 

Vl=VDDxVR/(VR+l) (7) 

R = A2/A] (8) 

AV/ VDD = (VR - 1 )/( VR + 1 ) (9) 



[0030] DESIGN EXAMPLE 

[0031] The following example is presented to demonstrate the 
design equations established above. Using the following 
design criteria: Al = 100 \}m^, A2 = 900 \im^, R = 9; ox- 
ide thickness = 1.95 nm (as measured by electrical mea- 



surements); and range of VDD = 0 to 1.5V, FIGS. 2-4 il- 
lustrate measured values for the above-referenced exam- 
ple. Referring now to FIG. 2, the gate currents versus the 
gate voltages for NFETl and NFET2 are illustrated. FIG. 3 
is a chart of the measured VI, V2, and AV versus VDD at 
27°C. FIG. 4 shows the linearity of AV versus VDD, at less 
than a 4% deviation above 0.2V. 
[0032] The gate currents of NFETl and NFET2 as a function of 
their respective gate voltages are tunneling currents 
where the gate current density (e.g. in A/mm^ of oxide 
area), is a strong function of gate oxide thickness. The 
gate tunneling current is directly proportional to the oxide 
area, as is evident in FIG. 2 when comparing the gate cur- 
rents of the two transistors with different oxide areas. As 
shown in FIG. 1, transistors NFETl and NFET2 are con- 
nected in series, thus the current passing through is the 
same. Accordingly, the voltages across transistors VI and 
V2 will be different as shown in FIG. 3 and the voltage dif- 
ference between VI and V2 is AV. Transistors NFETl and 
NFET2 of FIG. 1 behave as resistors in terms of performing 
the function of voltage division. As shown in FIG. 4, the 
difference between voltages VI and V2, i.e., AV is very 
close to a perfect linear function of the supply voltage 



VDD and behaves similar to resistors. 
[0033] As follows, to a first degree of fit, as a first iteration, the 
relationship between voltage and current for NFETl and 
NFET2 of the design example may be expressed as: 

II =D1 xVl^' andI2 = D2xV2'^ (10) 

[0034] Di and D2 are constants. II and 12 in expression (10) rep- 
resent a power law relationship. Referring now to FIG. 5, 
the relationship in expression (10) is illustrated as Log (I) 
versus Log (V) for NFETl and NFET 2 with the value of CI 
= 3.5177. From expression (9), with II = 12, because the 
transistors are connected in series, the following expres- 
sions are obtained in a first iteration: 

[0035] V]/VDD = K1 =R'^'/(1 +R^') (11) 

[0036] V2/VDD = K1/R^' (12) 

VR = V1A^2 = R^' (13) 

[0037] where Bl = 1/Cl = 0.2843. Thus for the design example 
stated above, as a first iteration, with R = 9, VR = 1.8676 
and S = AV/ VDD = 0.3026. Note that when Al = A2, i.e., 
R = 1, VI = V2 and voltage VDD is equally divided be- 
tween VI and V2. 

[0038] The above example was demonstrated with a first degree 
of approximation using a power law fit for the relationship 



between I and V for NFETl and NFET2. The following ex- 
pression takes into account the complex relationship be- 
tween I and V, which allows the l/V functions illustrated in 
FIG. 2 to be expressed with a high degree of fit: 

[0039] 

Log(I) = Z"„^[cnx(Log(V))"] (14) 

[0040] Referring now to FIG. 6, using expression (14), the Log of 
currents II and 12 versus the Log of voltages VI and V2, 
respectively, for the above-mentioned design criteria, are 

th 

illustrated. FIG. 6 provides a 5 degree polynomial fit with 
a deviation between data and fit less than 3.5%. As fol- 
lows, the polynomial fit in FIG. 6 is represented by the fol- 
lowing expression: 

[0041 ] Log (12) = -13.387 + [6.1434 x Log (V2)] + [2.6286 x {Log (V2)}^] (15) 

+ 

[1.3483 X {Log (V2)}^] + [0.37073 x {Log (V2)}*] + [0.036284 x {Log (V2)}^] 
Because II = 12, the following is obtained: 

Log (II) = -13.387 - {Log (R)} + [6.1434 x Log (VI)] + [2.6286 x {Log (Vl)}^] (16) 

+ 

[1.3483 x {Log (Vl)}^] + [0.37073 x {Log (Vl)}^] + [0.036284 x {Log (Vl)}^] 



[0042] jhe polynomial fit illustrated in FIG. 6 and represented by 



expression (15) is valid for V10.14V and V2 > 0.02V. 
Next, to obtain tlie precise design value of R, i.e., A2/A1, 
for a given VR, i.e., V1/V2, tlie following steps are taken. 
First, the left hand side of expressions (15) and (16) are 
equal with II = 12, as NFETl and NFET2 are in series. 

[0043] The relationship between gate tunneling current and gate 
voltage for transistors NFETl and NFET2, as shown in FIG. 
2, is highly non-linear. In order to accurately and analyti- 
cally determine the design parameters for the voltage di- 
vider circuit, one needs to establish an analytical expres- 
sion relating the gate tunneling current to the gate volt- 
age. To accomplish this task, two approaches with differ- 
ent objectives are demonstrated. The first approach is for 
simplicity and ease of application without compromising 
accuracy by more than 5%. The second approach is a more 
rigorous procedure and provides a higher degree of accu- 
racy. In FIG. 5, the first approach is demonstrated by ap- 
proximating the relationship between tunneling current 
and gate voltage with a power law relationship. FIG. 6 
demonstrates the second approach where a 5th degree 
polynomial fit to data is utilized to accurately model the 
relationship between Log V and Log I. 

[0044] Then, Vl/VR is substituted for V2 in the left hand side of 



expression (16) and expression (7) is substituted for VI, 
thereby expressing VI in terms of VDD and VR. Tlius, for 
a given value of VDD, tlie only unknown in expressions 
(15) and (16) is the area ratio R. As follows: 

[6.1434 X Log (V2)] + [2.6286 x {Log (V2)}^] + [1.3483 x {Log (V2)}^] (17) 

[0.37073 X {Log (¥2)}"] + [0.036284 x {Log (V2)}^] 
+ 

{Log R} - [6.1434 X Log (VI)] - [2.6286 x {Log (Vl)}^] - [1.3483 x {Log (Vl)}^] 
[0.37073 X {Log (VI)}''] - [0.036284 x {Log (Vl)}^] = 0 



Considering VI = VDD x VR/(VR + 1) and V2 = VDD/(VR + 1), expression (17) may 
be alternatively expressed as follows: 

F(R, VDD, VR) = 0 (18) 

[0046] where F represents the function on the left hand side of 

expression (17). To solve expression (18) for VR, a desired 
value is assigned to VDD and R. In the example here, VDD 
= 0.8V and R = 9. Referring now to FIG. 7, the corre- 
sponding solution of expression (18) is illustrated as VDD 
versus VR. From FIG. 7, VR = 1.789 at VDD = 0.8V. Com- 
paring this exact value for VR with that obtained from the 
approximate procedure of first iteration, the difference is 
slightly less than S%. 

[0047] Depending on the design requirements, expression (18) 



may be solved either for a range of VDD where a desired % 
tolerance for VR is known or for a % tolerance for VR 
where a range of VDD is known. FIG. 8 illustrates the for- 
mer and FIG. 9 illustrates the latter. In FIG. 8 and FIG. 9, 
the design values are R = 9, VDD = 0.8V, and VR = 1.789. 
In FIG. 8, for the design case of R = 9, VR = 1.789, and 
VDD = 0.8V, the upper limit on VDD is approximately 
1.8V at the lower 10% tolerance limit of VR. In FIG. 9, 
where VDD = 0.8V, VR = 1.789, and R = 9, an upper tol- 
erance limit of approximately 21.5% on VR will result to 
meet a lower limit on VDD of 0.25V, and a lower limit tol- 
erance on VR of approximately 10% will result to meet an 
upper limit on VDD of about 1.8V. 
[0048] Referring now to FIG. 10, in another embodiment of the 

present invention, the VDD supply is connected to a series 

of NFETs, i.e., NFETl, NFET2 NFETn, having equal 

gate electrode areas (Al . . . An, respectively). Gate Gl of 
the first NFET, i.e., NFETl is joined with VDD. The source S 
and drain D for each intermediate NFET is connected to 
the gate electrode G of the subsequent transistor in the 
series. Source S5 and drain D5 of the last NFET are joined 
with the ground. Because all of the transistors have equal 
gate electrode areas, i.e. Al = A2 = An, VDD will be 



equally divided between each transistor. Using the scheme 
illustrated in FIG. 10, the voltage value at each gate elec- 
trode C depends on the number of transistors included in 
the circuit. Connecting NFETs serially in this scheme will 
cause the voltage across each NFET, i.e., between the gate 
electrode G and the diffusions, to be a small fraction of 
VDD. In some configurations, the voltage across each 
NFET may approach zero, e.g., 100 mV for VDD of l.OV 
and ten transistors connected serially. Normally, a low 
voltage causes a loss of surface inversion for an NFET. 
Surface inversion is generally required to maintain a pre- 
dictable gate electrode current and to achieve a desired 
voltage division. To overcome the problems associated 
with low voltages, type zero threshold voltage NFETs are 
utilized. With zero threshold voltage NFETs, which are 
commonly used, surface inversion is maintained even 
where the gate electrode voltage is zero. 
[0049] The alternative embodiment illustrated in FIG. 10 provides 
a constant ratio between the voltage at each gate elec- 
trode G and VDD independent of the power supply toler- 
ances. Referring now to FIG. 11, VDD versus VR is illus- 
trated for two NFETs connected in series according to the 
scheme illustrated in FIG. 10. As explained above, VR is 



constant along the range of VDD. 

[0050] jhe voltage divider circuit according to the present inven- 
tion allows voltage to be precisely divided without the use 
of resistor elements. In one embodiment, two NFETs con- 
nected in series and having different gate electrode areas, 
Al and A2, are connected to a supply source VDD. The 
voltage difference between the two transistors has a linear 
function with VDD, and the voltage VDD is divided be- 
tween the two NFETs to any desired ratio by properly 
choosing the ratio between Al and A2. A voltage divider 
circuit according to the present invention has a low tem- 
perature coefficient, i.e., approximately 3% over the range 
of 0°C to 105°C. In addition, there is no minimum area re- 
quirement for the gate electrode area A. 

[0051] While the present invention has been described in con- 
nection with specified embodiments, it will be understood 
that it is not so limited. On the contrary, it is intended to 
cover all alternatives, modifications and equivalents as 
may be included within the spirit and scope of the inven- 
tion as defined in the appended claims. 



